The currently accepted paradigm is that the purple acid phosphatases (PAPs) require a heterovalent, dinuclear metal-ion center for catalysis. It is believed that this is an essential feature for these enzymes in order for them to operate under acidic conditions. A PAP from sweet potato is unusual in that it appears to have a specific requirement for manganese, forming a , forming a catalytically active, unprecedented antiferromagnetically coupled homodivalent Mn II -µ-(H)OH-µ-carboxylato-Mn II center in a PAP. However, although the enzyme is still active, it no longer functions as an acid phosphatase, having optimal activity at neutral pH. Thus, PAPs may have evolved from distantly related divalent dinuclear metallohydrolases that operate under pH neutral conditions by stabilization of a trivalent-divalent metal-ion core. The present Mn II -Mn II system models these distant relatives, and the results herein make a significant contribution to our understanding of the role of the chromophoric metal ion as an activator of the nucleophile. In addition, the detailed analysis of strain broadened EPR spectra from exchange-coupled dinuclear Mn II -Mn II centers described herein provides the basis for the full interpretation of the EPR spectra from other dinuclear Mn metalloenzymes.
Introduction
Purple acid phosphatases (PAPs) belong to the family of dinuclear metallohydrolases that include Ser/Thr protein phosphatases, organophosphate-degrading triesterases, ureases, arginases, aminopeptidases, and antibiotics-degrading metallo--lactamases.
1-6 Because of their widespread metabolic functions, several of these enzymes have become targets for the development of chemotherapeutic agents or are used as bioremediators. Specifically, PAP activity in animals has been shown to be directly linked to bone resorption; overexpression of this enzyme by bone-resorbing osteoclasts leads to osteoporosis. 7, 8 Consequently, PAP has become a major target in the development of anti-osteoporotic drugs. Despite a low degree of overall amino acid sequence homology and metal-ion content between enzymes from different kingdoms 12 their catalytic sites display a remarkable similarity. The two metal ions are coordinated by seven invariant ligands ( Figure  1) , with an aspartate residue bridging the two ions. 13 The characteristic purple color of PAPs is due to the formation of a charge-transfer (CT) complex between the trivalent iron and a conserved tyrosine ligand. 14 16, 17 In fact, this approach has been successfully employed to generate metalloderivatives of PAPs. [16] [17] [18] [19] [20] [21] [22] [23] 
Experimental Section
Protein Purification and Metal-Ion Replacement. spPAP was purified as described previously. 25 To generate the Mn derivative, the native FeMn enzyme (0.3 mM in 0.1 M acetate buffer, pH 4.9) was incubated at room temperature (RT) with 5 mM 1,10-phenanthroline and 100 mM sodium dithionite for 20 min. The mixture was loaded onto a 3 mL Bio-Rad Econo-Pac 10DG column (equilibrated with 0.1 M acetate buffer, pH 4.9). Subsequently, 50 equiv of MnCl 2 was added and the mixture was allowed to stand at RT for several days until maximal kinetic activity was reached (∼100 h). The excess of manganese was then removed by dialysis against 0.1 M acetate buffer, pH 4.9. The metal-ion composition was determined in triplicate using atomic absorption spectroscopy (Varian SpectrAA 220FS instrument).
Kinetics. The rates of product formation were determined at 25°C using a standard continuous assay with para-nitrophenylphosphate (p-NPP) as substrate (λ ) 390 nm; the ∆ε was determined at each pH by allowing 5 mM p-NPP to hydrolyze to completion). Measurements were carried out at various pH values ranging from pH 3.5 to pH 9.0 (using 0.1 M glycine, acetate, 2-(N-morpholino)-ethanesulfonic acid, and tris(hydroxymethyl)aminomethane buffers, respectively, each with 0.2 M KCl) using a Cary 50 Bio Spectrophotometer. Substrate concentrations ranged from 0.25 to 10 mM, and [PAP] was 2 nM. The pH dependence of the k cat and k cat /K M values were fitted to eqs 1 and 2 as described elsewhere. 22, 33 where K esn (n ) 1, 2, 3) represents a protonation equilibrium of the enzyme-substrate complex and k catn (n ) 1, 2, 3, 4) corresponds to the activity of the associated protonation states. His201, His295, and Glu365 assist in substrate binding and orientation. The substrate analogue (PO 4 ) is shown in a possible transition state whereby the bridging oxygen acts as a nucleophile.
where P corresponds to k cat or k cat /K M and K V (V ) 1, 2) corresponds to K es or K e , respectively (K e represents the protonation equilibrium associated with the free enzyme or free substrate).
Electron Paramagnetic Resonance (EPR) Spectroscopy. Xband continuous wave (CW) EPR spectra were obtained using a Bruker Biospin Elexsys E580 EPR spectrometer fitted with a super high Q cavity. The magnetic field and microwave frequency were calibrated with a Bruker ER036M Teslameter and Bruker frequency counter, respectively. Computer simulation of the EPR spectra and generation of energy level diagrams and transition road maps were carried out with Molecular Sophe (MoSophe, v2.1.2) running on a personal computer with the Mandriva 2008 operating system. 34 Optimization of the spin Hamiltonian parameters involved combining MoSophe and the optimization algorithms within Octave.
34,35

Results and Discussion
Protein Purification and Characterization. The Mn derivative of the native spPAP, purified as described previously, 25 was incubated at RT with a chelating agent (1,10-phenanthroline) and a reductant (sodium dithionite) to first reduce Fe III to Fe II and then extract both divalent metal ions as 1,10-phenanthroline metal-ion complexes. The protein was separated from the 1,10-phenanthroline and its metal-ion complexes by passing it through a low-molecular-weight size-exclusion column. Subsequently, 50 equiv of MnCl 2 was added and the mixture allowed to stand at RT for several days until maximal kinetic activity was reached (∼100 h). The excess of manganese was then removed by dialysis against 0.1 M acetate buffer, pH 4.9. The metal-ion content of the native enzyme (FeMn-spPAP) was determined to be 1.06 ( 0.08 g-atoms of Fe and 0.82 ( 0.05 g-atoms of Mn per active site, with trace amounts of Zn and Cu (<0.05 g-atoms). In contrast, the manganese derivative of spPAP (MnMn-spPAP) contained only 0.11 ( 0.02 g-atoms of Fe but nearly 2 equiv of Mn (1.93 ( 0.08 g-atoms; the Zn and Cu amounts were below the detection limits).
A comparison of the UV/vis spectra of FeMn-spPAP and MnMn-spPAP reveals a significant drop in intensity of the Tyrto-Fe III charge-transfer band at 560 nm (FeMn-spPAP: EPR spectra of dinuclear manganese species can be described by a total spin Hamiltonian involving the sum of the individual spin Hamiltonians for each Mn ion (i ) 1, 2) and the interaction Hamiltonian (eq 3). [42] [43] [44] where S and I are the electron and nuclear spin operators, respectively, D is the zero-field splitting tensor, g and A are the electron Zeeman and hyperfine coupling matrices, respectively, Q is the quadrupole tensor, γ is the nuclear gyromagnetic ratio,´σ is the chemical shift tensor, is the Bohr magneton, and B is the applied magnetic field. The interaction Hamiltonian (H 12 , eq 3) accounts for the isotropic (H ex ) -2J S 1 · S 2 ), antisymmetric (H as ) G 12 S 1 × S 2 ) and anisotropic exchange (dipole-dipole coupling, H dd ) S 1 · D 12 · S 2 ) interactions between the two manganese centers.
In the strong exchange limit (|2J| > |D|) the spin system is best characterized by a total spin operator, S T ) S 1 + S 2 ; for two antiferromagnetically coupled high-spin Mn II (S )
5
/ 2 ) ions, there are a total of six spin multiplets characterized by S T ) 0, 1, 2, 3, 4, and 5, where S T ) 0 is the ground spin state and (P) app ) (P) max
Figure 2. EPR spectra of MnMn-spPAP showing the experimental spectrum (purple), a cubic 55 point (low-and high-field sections) Savitzky-Golay 41 filter (blue) and the resultant spectral subtraction (red). The resonance at 160 mT arises from a magnetically isolated Fe III center. 32 Protonation of the µ-oxo bridging ligand (µ-OH or µ-OH 2 ) reduces the magnitude of the exchange coupling, resulting in either (i) complex EPR spectra if |-2J| is of a similar order of magnitude as |D|, or (ii) EPR spectra that arise only from transitions within the S T spin states, providing |-2J| is greater than the microwave quantum (hν), as is usually the case at X-band frequencies. A variable temperature study from 2 to 200 K showed that the resonances centered at 298.4 and 383.7 mT initially increased, and then gradually decreased, consistent with an antiferromagnetically coupled dinuclear Mn center in the MnMn-spPAP enzyme. Consequently, the various spin Hamiltonian interactions for each individual ion in eq 3 can be simplified by treating them as a perturbation of the isotropic exchange interaction, enabling the overall manganese hyperfine and zero-field splittings to be written as shown to arise from an S T ) 2 spin state, although additional transitions to those observed here were found, indicating that the zero-field splitting and/or the distribution of zero-field splitting parameters was much smaller. cm -1 ) were found to reproduce the resonant field positions at 298.4 and 383.7 mT (Figure 3 ).
An inspection of Figure 4 shows that the resonances arise from the ∆M S ) -1 T 0 transition (blue) and that the lowfield resonances centered at 298.4 mT (Figure 3 (Table 2 ) reveals that the zero-field splittings for each individual Mn II center will contribute negligibly to D S and furthermore that the major contribution to D S arises from the dipole-dipole interaction. D 12 is therefore estimated to be 745 × 10 -4 cm -1 using the given value of d 12 . Using the point dipole-dipole approximation and assuming an isotropic g factor (eq 8) yield an internuclear distance of 4.05 Å. H eff ) g iso B · S eff + S eff · A 1 · I 1 + S eff · A 2 · I 2 (7) Figure 5 . pH dependence of the kinetic parameters of native FeMn-spPAP (circles) and MnMn-spPAP (squares). The data points are determined experimentally and the solid lines represent fits to the data using eqs 1 and 2 and procedures described elsewhere. Figure 5 .
The pH dependence of k cat of the native enzyme displays unusual behavior with a broad shoulder at low pH and a maximum at neutral pH. The data were fit to an equation (eq 1) derived for a model invoking three protonation equilibria (pK es1 -pK es3 ). 22, 33 The corresponding parameters are listed in Table 3 . For the MnMn-spPAP enzyme only two protonation equilibria (pK es1 and pK es3 ) are required to account for the observed pH dependence of k cat (eq 2), but the optimum is at a similar pH ( Figure 5 ). In contrast, the relative pH optima for FeMn-and MnMn-spPAP differ significantly for the k cat /K M ratio with pH 4.5 and pH 6.5, respectively. Both data sets display bell-shape behavior, requiring two protonation equilibria (pK e1 and pK e2 ; Table 3 ). 22, 53 In essence, upon replacing the Fe III by Mn II , spPAP loses significantly its ability to act as an acid phosphatase. In the accepted mechanistic models for PAP-catalyzed reactions the chromophoric metal ion activates the nucleophile.
13b,e, 14, 29, 31, [54] [55] [56] Thus, the shift of the catalytic efficiency (k cat /K M ) of MnMnspPAP toward a significantly more alkaline pH is in agreement with the oxidation state of the manganese in the chromophoric site being divalent. On the basis of the metal-ion analysis and optical spectrum, it is anticipated that up to 10% of the activity of MnMn-spPAP is due to the presence of FeMn centers (vide supra). This may account for the minor deviations from bellshaped behavior observed in the pH profile of k cat (Figure 5 , top). Assuming a 10% contamination of the MnMn-spPAP sample with FeMn centers, the activity of the dimanganese derivative at pH 7.0 (close to the pH maximum; Figure 5 ) can be estimated to be 1875 s -1 , approximately half the value determined for the native enzyme (3550 s -1 ).
13e
Although the assignment of pK a values to corresponding protonation equilibria in enzymes is difficult, the comparison of these values for two metal-ion derivatives of the same enzyme provides insight into the catalytically relevant functional groups. Table 4 summarizes tentative assignments. pK es3 (and pK e2 for MnMn-spPAP) is likely to be associated with the conserved His295 because replacement of the only other conserved histidine residue in the PAP substrate binding pocket (His201) did not result in the loss of the alkaline limb in the pH profile. 28, 29 Together with His201 and Glu365, a residue that is not conserved among PAPs, His295 is expected to be involved in substrate and/or nucleophile positioning in spPAP (Figure 1 ).
13e
These three residues are involved in extensive H-bond interactions in the second coordination sphere, and their protonation states are expected to affect both substrate binding and reactivity. The dramatic change in the catalytic properties of the enzyme upon replacing the chromophoric Fe by Mn suggests that the mode of substrate binding is also altered. The pK a2 for p-NPP is ∼5.5. Thus, pK a values in the range 5.5-6.0 (pK e2 and pK e1 for FeMn-and MnMn-spPAP, respectively; Table 4 ) are likely to correspond to the substrate, suggesting that p-NPP binds preferentially in its monoanionic form to FeMn-spPAP, but in its dianionic form to the Mn derivative. The remaining pK a values (pK es1 ) are ascribed to the nucleophiles. The native enzyme (FeMn-spPAP) is likely to have a µ-oxo group at pH 4.9 based on the observation of very strong antiferromagnetic coupling at this pH. 32 In contrast, pK es1 in the MnMn-spPAP enzyme is alkaline-shifted by ∼3 units (Table 3 ). This value is too low to be assigned to a water molecule bound terminally to 
